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Abstract 11 
Current district heating (DH) systems with high temperatures are facing many challenges that 12 
may decrease its competitiveness. Some of the challenges are decreased heat demands due to 13 
energy efficient buildings and high return temperatures that decrease possibilities for utilization 14 
of renewable heat sources. Low temperature DH (LTDH) systems have opportunities for 15 
utilization of waste heat and renewables and lower distribution losses. Therefore, the aims of the 16 
study were to analyze the challenges in the transition to LTDH and to estimate the increased 17 
competitiveness in low heat density areas. Since the heating density is an important factor for the 18 
DH competitiveness, the high and the low heat density area were analyzed. A building area 19 
consisting of the passive house and low energy buildings in Trondheim, Norway, was analyzed. 20 
The hourly DH network model was developed included both thermal and pressure losses. The 21 
results showed that the heat loss could be reduced by lowering the supply temperature from 80°C 22 
to 55°C. Analysis of the return temperature showed that LTDH could provide a lower return 23 
temperature than the existing DH system, regardless of the faults. Competitiveness of LTDH 24 
might be decreased for the heat densities lower than 1 MWh/m. 25 
 26 
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 29 
Nomenclature 30 
𝐿𝐿 [𝑚𝑚]   – pipe length 31 
𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 [𝑚𝑚]  – the total pipe length of the supply pipeline 32 
𝑅𝑅 [𝑃𝑃𝑃𝑃/𝑚𝑚] – pressure drop per pipe length 33 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑖𝑖 [°𝐶𝐶]  – temperature at inlet of pipe 34 
𝑇𝑇𝑡𝑡𝑜𝑜𝑡𝑡,𝑖𝑖 [°𝐶𝐶]   – temperature at pipe outlet 35 
𝑇𝑇1 [°𝐶𝐶]  – supply temperature 36 
𝑇𝑇2 [°𝐶𝐶]  – return temperature 37 
𝑇𝑇𝑔𝑔 [°𝐶𝐶]  – ground temperature  38 
𝑇𝑇𝑠𝑠 [°𝐶𝐶]  – supply temperature to the radiator  39 
𝑇𝑇𝑟𝑟 [°𝐶𝐶]  – return temperature out of the radiator 40 
𝑇𝑇𝑟𝑟,𝑠𝑠 [°𝐶𝐶]  – return temperature in the secondary side of heat exchanger  41 
𝑇𝑇𝑠𝑠,𝑝𝑝 [°𝐶𝐶]  – supply temperature in the primary side 42 
𝑇𝑇𝑟𝑟,𝑝𝑝 [°𝐶𝐶]  – return temperatures in the primary side  43 
𝑇𝑇𝑠𝑠,𝑑𝑑 [°𝐶𝐶]  – design supply temperature   44 
𝑇𝑇𝑟𝑟,𝑑𝑑 [°𝐶𝐶]  – design return temperature 45 
𝑇𝑇𝑖𝑖 [°𝐶𝐶]  – indoor room temperature 46 
𝑇𝑇𝑚𝑚 [𝐾𝐾]  – mean temperature of the supply and return temperature 47 
∆𝑇𝑇𝑚𝑚 [𝐾𝐾]  – mean arithmetic temperature difference  48 
𝐻𝐻𝑝𝑝 [𝑃𝑃𝑃𝑃]  – pressure rise over the circulation pump 49 
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𝑈𝑈𝑖𝑖 [𝑊𝑊/𝑚𝑚𝐾𝐾] – overall heat loss coefficient 50 
𝑈𝑈11 [𝑊𝑊/𝑚𝑚𝐾𝐾] – heat loss coefficient in the supply pipe without thermal influence of return 51 
pipeline 52 
𝑈𝑈22 [𝑊𝑊/𝑚𝑚𝐾𝐾] – heat loss coefficient in the return pipe without thermal influence of supply 53 
pipeline 54 
𝑈𝑈12 [𝑊𝑊/𝑚𝑚𝐾𝐾] – heat loss coefficient due to thermal influence of return pipeline 55 
𝑈𝑈21 [𝑊𝑊/𝑚𝑚𝐾𝐾] – heat loss coefficient due to thermal influence of supply pipeline 56 
𝑝𝑝1  [𝑃𝑃𝑃𝑃] – minimum permitted pressure in a DH network  57 
∆𝑝𝑝𝑐𝑐𝑠𝑠 [𝑃𝑃𝑃𝑃] – pressure drop over the customer substation  58 
∆𝑝𝑝𝑑𝑑ℎ [𝑃𝑃𝑃𝑃] – pressure drop in the heat exchanger delivering the heat to the observed area 59 
∆𝑝𝑝𝑡𝑡  [𝑃𝑃𝑃𝑃] – increase in pumping pressure 60 
∆𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡  [𝑃𝑃𝑃𝑃] – total pressure drop   61 
𝑚𝑚 ̇ [𝑘𝑘𝑘𝑘/𝑠𝑠] – mass flow rate 62 
?̇?𝑄ℎ𝑑𝑑 [𝑊𝑊] – heat demand 63 
?̇?𝑄ℎ𝑑𝑑 [𝑊𝑊] – actual heat demand  64 
?̇?𝑄𝑑𝑑,ℎ𝑑𝑑[𝑊𝑊] – design heat demand 65 
?̇?𝑉𝑡𝑡 [𝑚𝑚3/𝑠𝑠]  – total volume flow rate 66 
𝑐𝑐𝑝𝑝[𝑘𝑘𝑘𝑘/𝑘𝑘𝑘𝑘𝐾𝐾] – specific heat capacity of water 67 
𝑑𝑑𝑖𝑖 [𝑚𝑚]  – internal pipe diameter 68 
𝑓𝑓 [−]  – friction coefficient   69 
𝑛𝑛1 [−]  – radiator exponent  70 
𝜌𝜌 [𝑘𝑘𝑘𝑘/𝑚𝑚3]  – water density  71 
𝜀𝜀 [−]  – temperature efficiency of heat exchanger 72 
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𝜂𝜂  [−]  – pump efficiency 73 
 74 
Abbreviations 75 
cs – Consumer substation 76 
DH – District heating 77 
DHC – District heating and cooling 78 
DHW – Domestic hot water 79 
LTDH – Low temperature district heating 80 
 81 
1. Introduction 82 
Use of renewable energies and waste energy is highly necessary and required by national 83 
and international regulations [1]. Future district heating and cooling (DHC) systems may enable 84 
transition to a complete renewable society [2], meaning that the future DHC systems will be based 85 
on completely renewable energies such as solar, waste heat, and geothermal energy. To enable 86 
higher share of renewables in the DHC system, the temperature of the district heating system 87 
should be lowered [3]. Throughout the historical development of the district heating (DH) system, 88 
the system development has passed through four generations [4]. At the beginning, the DH 89 
temperature was decided based on energy supply technologies that were providing high 90 
temperature water. Consequently, the DH temperature was decreased due to implementation of 91 
heat pumps and a general idea to increase the system efficiency by decreasing the DH temperature 92 
[5]. Lately, due to lower heat demand in new passive and low energy buildings, the supply 93 
temperature could be decreased to 45 - 55°C [5]. The DH system operating with these temperature 94 
levels is called low temperature DH (LTDH) [3, 6]. There is no a clear limit for LTDH, but the 95 
temperature levels should be within the given range.  96 
Current DH systems belonging to the second and third generation with the temperature of 97 
80 to 100°C are facing many challenges [4]. In low energy buildings, there is no need for heating 98 
at high temperature levels and heating demand is decreasing. High temperature levels are 99 
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unfavorable in terms of utilizing renewable energy sources and waste heat. Finally, due to higher 100 
share of the distribution losses in the total DH heat demand, competitiveness of the DH system in 101 
the low heat density area is decreasing [7]. In order to be competitive in the areas with low heat 102 
densities and low energy buildings, it is important to achieve low heat losses for a high efficiency 103 
of the DH system. In general, the heat losses in Norway are in the range of 8-15% of the 104 
delivered heat [8, 9]. The merit with the low supply temperature is that the temperature difference 105 
between the pipe and the ground is less than in the case with the high supply temperature. This 106 
facilitates that the heat losses to the ground are less and the demand for insulation can be reduced 107 
for certain DH areas. LTDH systems have better opportunities for utilization of waste heat and 108 
renewable heat sources, as well as lower distribution losses. However, on the way to the 109 
transition to LTDH, there is a problem with high return temperature and the low temperature 110 
difference between the supply and the return temperature in the network [10]. 111 
Until now, several LTDH projects have been successfully realized. Some conclusions and 112 
the most important characteristics are explained. Seven low energy apartment buildings in 113 
Lystrup, Denmark, have been connected to LTDH in an attempt to reduce distribution losses [11]. 114 
This is done by reducing pipeline dimensions, setting the distribution temperature to 55°C, and 115 
using twin pipes. In addition, booster pumps that raise the pressure in the area enables further 116 
reduction of the pipeline dimensions. In the mentioned project, two consumer substation 117 
connection types with LTDH are implemented: 1) with storage tanks and 2) with high heat output 118 
heat exchangers [11]. The use of DH storage tanks makes it possible to reduce the pipeline 119 
dimension as it reduces the peak demand. The total costs and benefits of these two alternatives for 120 
the LTDH connection are roughly the same, and both are viable solutions. The result is a reduction 121 
of energy use of 75 % compared to the traditional DH systems [11]. In Albertslund, Denmark, 122 
LTDH has been introduced for 1544 refurbished houses from the 1960’s. The distribution network 123 
for DH was replaced by twin piping laid in shorter routes, and the houses were completely 124 
renovated to a standard close to today’s low energy regulations. The houses were fitted with 125 
individual heat exchangers for instant heating of domestic hot water (DHW). This design requires 126 
a higher peak heat rate from the DH network, but eliminates the need for storage tanks. It is 127 
expected that this solution will result in a 62 % reduction in distribution heat losses. This is 128 
achieved at an extra cost of 20 million DKK and will result in a profit of 31 million DKK over the 129 
project lifetime of 50 years [12]. In Chalvey, England, a small scale LTDH network has been 130 
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constructed, supplying ten zero emission houses. The houses are equipped with photovoltaics to 131 
cover part of their electricity demand, while DH covers the heat demand. Each house is equipped 132 
with a heat exchanger for DHW. Heat is produced using biomass, air to water heat pump, two 133 
ground-source heat pumps, and 20 m2 of solar collectors. The DH central contains a large storage 134 
tank. The heat in the storage tank is used to cover peak load. Due to possibility to charge the 135 
storage tank by any of the mentioned energy supply technology, the flexibility of the system is 136 
increased. Heat production is optimized for a low temperature system of 55°C and LTDH is 137 
completely based on renewable energies [13]. In all these examples, the introduction of LTDH has 138 
produced good results when it comes to distribution loss savings, low temperature heat production, 139 
and customer satisfaction. 140 
Since the issue on the distribution losses is relevant for the future development of LTDH 141 
[4], it is highly important to model properly the distribution system with belonging issues. There 142 
have been different studies dealing with steady-state analysis of new concepts for the DH 143 
distribution systems [14], detail pressure drop models for the DH system [15], the dynamic heat 144 
loss model [16], and pipe network models based on producer data [17]. The mentioned studies 145 
have not treated heat dynamics due to annual variation in heat demand and flow and pressure 146 
control at the same time. Regardless of the topic importance and future development of the smart 147 
DH, the studies on the prosumers in the DH [18, 19] have not provided a general method to be 148 
used for the performance analysis, design, and operation optimization of the DH system including 149 
distributed heat sources. In our study, the model for the pressure and thermal losses with the 150 
hourly heat load input was implemented to treat in a proper way relevant issues in the DH system. 151 
In Norway, the new buildings are being built to high standards with reduced space heating 152 
demands, and thereby the demand density in the DH network is decreasing. This will induce that 153 
the percentage of distribution heat losses is increasing [7]. However, there are still a high 154 
percentage of the existing buildings requiring higher temperature and heat demand. The DH 155 
system is not a system where the technology and parameters may be changed at once [4], yet there 156 
is transition to come to the defined aims [3]. This means that the DH system is under continuous 157 
development. For example, once installed pipes will be used as long as they are not damaged 158 
regardless of increased heat demand [8]. Therefore, this study by analysing a DH system in 159 
Trondheim, Norway, had two aims. The first aim of the study was to estimate the challenges in the 160 
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transition process from the current DH to LTDH systems, while integrating low energy and 161 
passive house buildings. The second aim was to estimate possibilities and increased 162 
competitiveness of LTDH in the low heat density areas. 163 
The rest of the paper is organized as the following. The methodology is introduced in 164 
Section 2. The analyzed areas and issues in decreasing the DH temperature are introduced in 165 
Section 3. The results are presented in Section 4. The result section is firstly introducing the heat 166 
demand and temperature distribution profiles. Based on these, the results on the energy 167 
performance of the analyzed LTDH system together with the issues in the operation and LTDH 168 
competitiveness are provided. In Section 5, discussion and criticism on the provided results are 169 
given. Finally, the conclusions are given in Section 6. 170 
 171 
2. Methodology 172 
The methodology to model the DH network included the network model and the 173 
consumer substation model. This is a development of the work started in [20]. The network 174 
model consisted of two parts: thermal heat losses and pressure drops. The thermal heat loss 175 
model was necessary to explain the temperature and heat losses. The pressure loss model was 176 
necessary to estimate the energy need for the DH water transportation and the pressure level in 177 
the grid. For both thermal and pressure loss model, mass flow rate was an input. To provide a 178 
correct mass flow rate, the substation model was developed to provide the correct temperature 179 
levels. All the consisting models were developed on hourly basis. This means that the model 180 
needed an hourly input on the heat load. 181 
 182 
2.1. DH thermal network model 183 
To be able to keep a sufficient supply temperature to the last customer substation in the 184 
DH system, it is important to have reliable calculations on the temperature drop in the 185 
distribution network. The temperature drop in the distribution system is dependent on several 186 
parameters: temperature levels in the DH system, ground temperatures, the pipe length, the mass 187 
flow rate, and the heat loss coefficient [21]. To develop a general model for the thermal losses a 188 
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part of the pipe with one inlet and one outlet node was observed. Equation (1) gives the outlet 189 
temperature of the pipe as: 190 
 191 
𝑇𝑇𝑡𝑡𝑜𝑜𝑡𝑡,𝑖𝑖 = �𝑇𝑇𝑔𝑔 + �𝑇𝑇𝑖𝑖𝑖𝑖,𝑖𝑖 − 𝑇𝑇𝑔𝑔�𝑒𝑒𝑒𝑒𝑝𝑝 �− 𝑈𝑈𝑖𝑖𝐿𝐿𝑖𝑖?̇?𝑚𝑖𝑖𝑐𝑐𝑝𝑝�
𝑇𝑇𝑔𝑔
                                       (1) 192 
where, 𝑇𝑇𝑖𝑖𝑖𝑖,𝑖𝑖 is the entering temperature to the pipe, 𝑇𝑇𝑡𝑡𝑜𝑜𝑡𝑡,𝑖𝑖 is the outlet temperature of the pipe, 𝑇𝑇𝑔𝑔 193 
is the ground temperature, 𝑈𝑈𝑖𝑖 is the overall heat loss coefficient, 𝐿𝐿𝑖𝑖 is the pipe length, ?̇?𝑚𝑖𝑖 is the 194 
mass flow rate, 𝑐𝑐𝑝𝑝 is the specific heat capacity of water. The temperature drop in the supply line 195 
is always larger than in the return line. The typical supply temperature drop for winter heat load 196 
is about 1-2 K being the difference between the supply temperature at the heat supply units and 197 
that at the average substation. The corresponding temperature drop during the summer can be in 198 
the range of 5-10 K [4]. In twin-pipes, the heat transfer between the pipes may lead to increase of 199 
the return temperature by 2 K [22]. 200 
The twin-pipe is a pipe construction where two pipes are located within a common 201 
circular insulation within an outer casing [4]. It is questionable whether the twin-pipe could 202 
facilitate the increase in the return temperature, since the pipes are located in the same coinciding 203 
temperature field. The authors in [23] state that if the return temperature drops below a 204 
predefined temperature level, the effect of the coincident temperature field will facilitate the 205 
increase of the return temperature rather than the heat losses to the surrounding. In our study, the 206 
heat loss per length of the supply pipe was calculated as: 207 
𝑞𝑞1 = 𝑈𝑈11�𝑇𝑇1 − 𝑇𝑇𝑔𝑔� − 𝑈𝑈12�𝑇𝑇2 − 𝑇𝑇𝑔𝑔�                                          (2) 208 
where 𝑈𝑈11 is the heat loss coefficient in the supply pipe without the thermal influence of the 209 
return pipeline and 𝑈𝑈12 is the heat loss coefficient due to thermal influence of the return pipeline, 210 
𝑇𝑇1 is the supply temperature, and 𝑇𝑇2 is the return temperature. 211 
The heat loss per length of the return pipe was calculated as: 212 
𝑞𝑞2 = 𝑈𝑈22�𝑇𝑇2 − 𝑇𝑇𝑔𝑔� − 𝑈𝑈21�𝑇𝑇1 − 𝑇𝑇𝑔𝑔�                                         (3) 213 
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where 𝑈𝑈22 is the heat loss coefficient in the return pipeline without the thermal influence of the 214 
supply pipeline and 𝑈𝑈21 is the heat loss coefficient due to the thermal influence of the supply 215 
pipeline. 216 
In the case of twin-pipe, the pipes are identical and placed horizontally in relation to each 217 
other. This means that 𝑈𝑈12 = 𝑈𝑈21 and 𝑈𝑈11 = 𝑈𝑈22. This provides Equation (4) for the heat losses 218 
of the twin-pipe: 219 
𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑞𝑞1 + 𝑞𝑞2 = 2 (𝑈𝑈11 − 𝑈𝑈12) ∙ �𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑔𝑔�                              (4) 220 
The overall heat loss coefficients, 𝑈𝑈11 and 𝑈𝑈12, were calculated based on Wallenten’s 221 
equation [24]. In Equation 4, 𝑇𝑇𝑚𝑚 is the mean temperature of the supply and the return 222 
temperature. 223 
 224 
2.2. Pressure drop and pumping power 225 
The total pressure drop in the DH system can be calculated as: 226 
∆𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡 = 2 ∙ 𝑅𝑅 ∙ 𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 + ∆𝑝𝑝𝑐𝑐𝑠𝑠 + ∆𝑝𝑝𝑑𝑑ℎ                                              (5) 227 
where 2 ∙ 𝑅𝑅 ∙ 𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡is the pressure drop due to friction in pipes considering the entire pipeline, ∆𝑝𝑝𝑐𝑐𝑠𝑠 228 
is the pressure drop over the customer substation, and ∆𝑝𝑝𝑑𝑑ℎ in the pressure drop in the heat 229 
exchanger delivering the heat to the observed area. 230 
The pressure drop due to friction can be found by employing Darcy-Weisbach equation: 231 
𝑅𝑅 = ∆𝑝𝑝𝑓𝑓
𝐿𝐿
= 8∙𝑓𝑓
𝑑𝑑𝑖𝑖
5∙𝜋𝜋2∙𝜌𝜌
  ?̇?𝑚2                                                           (6) 232 
where 𝑓𝑓 is the friction coefficient of the pipe, 𝐿𝐿 is the observed pipe length, 𝑑𝑑𝑖𝑖 is the pipe 233 
diameter, 𝜌𝜌 is the water density, and ?̇?𝑚 is the mass flow rate. In general, the determination of the 234 
friction losses requires complex simulations based on laminar and turbulent flows. In this paper, 235 
the simplification was made in terms of employment of constant friction value. The friction factor 236 
for DH pipes had value in the range of 0.015 and 0.04 [4]. Therefore, for calculation purposes the 237 
value was chosen equal to 0.025. 238 
In order to calculate the statistic pressure in the DH system in a predefined location 239 
marked 𝑒𝑒, the following equation could be used: 240 
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𝑝𝑝𝑥𝑥 = 𝑝𝑝1 + 𝐻𝐻𝑝𝑝 − 𝑅𝑅 ∙ 𝐿𝐿𝑥𝑥 − ∆𝑝𝑝𝑐𝑐𝑠𝑠                                                  (7) 241 
where 𝐻𝐻𝑝𝑝 is the pressure rise over the circulation pump, and 𝐿𝐿𝑥𝑥 is the pipe length till the observed 242 
place marked 𝑒𝑒. 𝑝𝑝1 is the minimum permitted pressure in a DH network. In Equation (7), the part 243 
∆𝑝𝑝𝑐𝑐𝑠𝑠 (pressure drop over the consumer substation) was included if the pressure level was 244 
estimated after the substation. In the case when the pressure level was estimated only in the 245 
supply pipe, this term was not necessary. 246 
The pump was operated based on maximum pressure difference in the DH system for 247 
delivering heat to the last customer in the system. Finally, by combining the results on the total 248 
pressure difference for the entire system from Equation (5), the pumping power was calculated 249 
as: 250 
𝑃𝑃 = ∆𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡∙?̇?𝑉𝑡𝑡
𝜂𝜂
                                                             (8) 251 
where  ?̇?𝑉𝑡𝑡 is the total volume flow and 𝜂𝜂 is the pump efficiency. According to [25] the pumping 252 
efficiency is in the range of 0.8 - 0.9. For the simulation model, the constant efficiency of 0.85 253 
was chosen. 254 
 255 
2.3. Customer substation model 256 
A customer substation model was developed in order to analyze how customers itself and 257 
operation of the substation could affect the return temperature in the DH system. In addition, it 258 
was necessary to develop a model due to unknown return temperature and mass flow rate in the 259 
primary loop, which is the result of the operation of the customer substation. The substation 260 
analyzed in this study was an indirect connection to the DH system with parallel-connected heat 261 
exchangers for space heating and DHW. Fig. 1 shows the layout of customer substation with the 262 
necessary flows and temperatures used for the model development. Description of all the 263 
temperatures and flows marked the substation sketch in Fig. 1 is given in Table 1. 264 
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 265 
Fig. 1. Layout of customer substation 266 
Table 1. Overview of the flows and temperatures in the consumer substation in Fig. 1 267 
Variable Description 
𝑇𝑇1 and ?̇?𝑚1 The supply temperature and mass flow rate in the primary loop 
?̇?𝑚1,1 The mass flow rate in the primary loop for the DHW 
?̇?𝑚1,2 The mass flow rate in the from primary loop for the space heating 
𝑇𝑇2 and ?̇?𝑚2 The return temperature and mass flow rate from the DHW heat exchanger 
𝑇𝑇3 and ?̇?𝑚3 The return temperature and mass flow rate from heat exchanger to the space 
heating at the primary side 
𝑇𝑇4 and ?̇?𝑚4 The supply temperature and mass flow rate for the DHW use  
𝑇𝑇5 and ?̇?𝑚5 The return temperature to DHW heat exchanger at the secondary side 
𝑇𝑇6 and ?̇?𝑚6 The temperature and mass flow rate in the DHW circulation 
𝑇𝑇7 and ?̇?𝑚7 The supply cold water temperature and mass flow rate 
𝑇𝑇8 and ?̇?𝑚8 The supply temperature and mass flow rate to the space heating system 
𝑇𝑇9 and ?̇?𝑚9 The return temperature and mass flow rate from the space heating system 
𝑇𝑇10 and ?̇?𝑚10 The return temperature and mass flow rate to the primary loop 
 268 
In Fig. 1, the heat exchanger for heating the DHW is marked with VV1, while VV2 269 
corresponds to heat exchanger for the space heating. At the primary side of the customer 270 
substation the only known values are the supply temperature 𝑇𝑇1 and the heat demand ?̇?𝑄ℎ𝑑𝑑. 271 
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However, the challenging part is defining the return temperature and mass flow rate from 272 
customer substation including both the space heating system and the DHW system. The text 273 
below describes the calculation method for the return temperature in the DH system.  274 
The return temperature at the primary side of heat exchanger was calculated as: 275 
𝑇𝑇𝑟𝑟,𝑝𝑝 = 𝑇𝑇𝑠𝑠,𝑝𝑝 − 𝜀𝜀 ∙ �𝑇𝑇𝑠𝑠,𝑝𝑝 − 𝑇𝑇𝑟𝑟,𝑠𝑠�                                                 (9) 276 
where 𝑇𝑇𝑠𝑠,𝑝𝑝 and 𝑇𝑇𝑟𝑟,𝑝𝑝 are the supply and return temperatures in the primary side, 𝑇𝑇𝑟𝑟,𝑠𝑠 is the return 277 
temperature at the secondary side of the heat exchanger, 𝜀𝜀 is the temperature efficiency of the 278 
heat exchanger [26]. The efficiency of the heat exchanger may influence the return temperature, 279 
too. A sensitivity analysis to evaluate the influence of the heat exchanger efficiency on the return 280 
temperature was also performed. 281 
The supply temperature at the primary side was estimated based on the outdoor 282 
temperature compensation. In practice, both the primary and the secondary side supply 283 
temperature are compensated. Fig. 2 shows outdoor temperature compensated curves that were 284 
used for the primary supply temperature and for the radiator heating system. These temperatures 285 
were necessary as input for the model. Further, the design supply and return temperatures for the 286 
heating system depending on temperatures in the DH grid are given in Table 2. 287 
 288 
Fig. 2. Outdoor temperature compensation for supply temperature in the primary loop of DH 289 
system 290 
  291 
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Table 2. The design supply and return temperatures in the heating system depending on various 292 
DH temperatures 293 
Supply 
temperature in 
the DH system 
80°C 70°C 60°C 55°C 
𝑇𝑇𝑠𝑠/𝑇𝑇𝑟𝑟 60/40°C 55/30°C 50/25°C 50/25°C 
∆𝑇𝑇 20 K 25 K 25 K 25 K 
 294 
The temperatures shown in Table 2 were selected based on technical considerations of the 295 
DH heat provider, which stated that the design supply and the return temperatures should have 296 
level of 60/40°C or lower [27]. The temperature in the radiator heating system would decrease 297 
with decrease of the supply temperature in the DH system. However, the previous studies showed 298 
that the supply temperature could be as low as 55°C without causing problems with the indoor 299 
comfort level. The high temperature difference between the supply and the return provides low 300 
mass flow rate that could lead to the issues with the control valves. Therefore, this issue was 301 
considered while modeling. 302 
In order to size the heat exchangers for the heating system, the value of the return 303 
temperature from radiators was necessary. Therefore, the solution can be found by combining 304 
several equations. The radiator characteristic can be expressed as: 305 
?̇?𝑄ℎ𝑑𝑑
?̇?𝑄𝑑𝑑,ℎ𝑑𝑑 = � ∆𝑇𝑇𝑚𝑚∆𝑇𝑇𝑚𝑚,𝑑𝑑�𝑖𝑖1                                                      (10) 306 
where ∆𝑇𝑇𝑚𝑚 is the mean arithmetic temperature difference, ?̇?𝑄ℎ𝑑𝑑 is the current heat demand, ?̇?𝑄𝑑𝑑,ℎ𝑑𝑑 307 
is the design heat demand, and 𝑛𝑛1 is the radiator exponent.  308 
By solving Equation (10) for the return temperature, the return temperature in the radiator 309 
could be expressed as: 310 
𝑇𝑇𝑟𝑟 = 2 ∙ �� ?̇?𝑄ℎ𝑑𝑑?̇?𝑄𝑑𝑑,ℎ𝑑𝑑� 1𝑛𝑛1 ∙ �𝑇𝑇𝑠𝑠,𝑑𝑑+𝑇𝑇𝑟𝑟,𝑑𝑑2 − 𝑇𝑇𝑖𝑖� + 𝑇𝑇𝑖𝑖�+𝑇𝑇𝑠𝑠                              (11) 311 
where 𝑇𝑇𝑠𝑠 and 𝑇𝑇𝑟𝑟 are the supply and return temperatures of the radiator, 𝑇𝑇𝑠𝑠,𝑑𝑑 and 𝑇𝑇𝑟𝑟,𝑑𝑑 are the 312 
design supply and return temperatures, and 𝑇𝑇𝑖𝑖 is the room temperature. The room temperature in 313 
this study was set to be the constant value of 21°C and the radiator exponent equal to 1.3. It can 314 
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be argued what may be the indoor room temperature. Therefore, analysis how the value of the 315 
indoor temperature could influence the return temperature was also performed. 316 
 When the return temperature from each substation were calculated, it was possible to 317 
calculate the final return temperature that was necessary to evaluate the heat losses in Equation 318 
(4). Further, the return temperature was also used to calculate the mass flow rate that was 319 
necessary for the pressure drop calculation. 320 
 321 
3. Description of the low and high heat density area 322 
The two heating networks, given in Fig. 3 were introduced to estimate the performance 323 
and future competitiveness of LTDH. The accurate selection of the network structure is essential 324 
for achieving an energy efficient and profitable low temperature heating grid resulting in low 325 
specific heat losses. The linear density is a parameter that is used to define competitiveness of a 326 
DH network compared to alternative energy supply methods. In addition, it shows how much 327 
heat is delivered per meter of the pipe length [28]. At the same time, the competitiveness is 328 
dependent on the local topology and the situation on the energy market creating various 329 
profitability threshold, for example, 0.2 MWh/m in Denmark [29] and 1.5 MWh/m in Canada 330 
[30]. The heating network A represents the case with the low heat density and is characterized by 331 
the linear density of 1.3 MWh/m. The high heat density with the linear density of 2.3 MWh/m 332 
characterized the heating network B. The linear heat density may have different values, 333 
depending on DH network development and building heat demand. For example, for small house 334 
areas it may be up to 1 MWh/m, while for small DH networks is it up to 5 MWh/m [28]. In this 335 
study, the heat density values for the low and high heat density areas were defined based on the 336 
values in [28-30]. 337 
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 338 
Fig. 3. Structure of the heating networks A and B 339 
For the areas with low linear heat densities, the main challenge is in a network structure 340 
that has direct impact on profitability of the DH system. Therefore, in this study two different 341 
network structures with the different linear heat densities were analyzed. In this study, the 342 
maximum length of heating network A to the customer substation was limited to 1230 m, while 343 
for the heating network B this value was 510 m. These two lengths were chosen to be able to 344 
define two different linear heat density areas. It was decided to look at these areas from a 345 
perspective of different building types and customers that could be operated by the DH company. 346 
The information on customer types were based on the real measurement data collected for 347 
Trondheim in 2013 obtained from the DH company, Statkraft Varme AS. The customers 348 
analyzed in this study were the following: one building block built under low energy building 349 
standard, TEK10 [31], three passive house standard building blocks [32], a primary school with 350 
sport center, a kindergarten, a health and welfare center, and an office building with low energy 351 
standard, see Table 3. 352 
  353 
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Table 3. Specification of the customers 354 
Customers Gross area 
(m2) 
Construction 
year 
Building standard Number of 
apartments 
Substation 
number 
Building block A 2380 2011-2012 Passive house 
standard 
26 cs1 
Building block B 2160 2011-2012 25 cs2 
Building block C 4750 2011-2012 TEK10 50 cs3 
Building block D 1480 2011-2012 Passive house 
standard 
13 cs4 
Primary school 6900 2008-2009 
Low energy 
building standard 
 cs5 
Sport center 2724 2008-2009  cs6 
Kindergarten 2000 2011  cs7 
Health and 
welfare building 
2696 2011 64 rooms cs8 
Office building 8600 2010-2011  cs9 
 355 
Each building was equipped with a substation providing hydronic space heating and the 356 
DHW as given in Fig. 1. The designed heat demand for the substations and the pipes was chosen 357 
to be 20 % higher than the heat load in 2013 in order to cover increase in heating demand if 358 
necessary. It was assumed that the radiator was used in each room and could cover all the needs 359 
for heating. Based on available data these buildings showed low heating demand, hence, it was 360 
concluded that they could be connected to LTDH without significant changes in the network 361 
structure. LT DH could be implemented either in existing heating networks or via development 362 
of a new DH system. Hence, it was decided to develop a network models for A and B systems 363 
and compare the results with the existing DH system. Due to different design requirements for 364 
those cases and the reduced temperature difference for LTDH, the analysis aimed to find a 365 
solution for the transition of the existing DH systems to more efficient LTDH. 366 
 367 
3.1. Development of the DH system 368 
For the purpose of the study, it was decided to model both the existing and the new DH 369 
systems. The reason for this was that the design conditions for the pipes are different due to 370 
different temperature differences. Information flow how development of the DH system may be 371 
made for the low energy buildings is shown on Fig. 4. The information flow chart in Fig. 4 was 372 
developed in collaboration with the DH company and was implemented to test different DH grid 373 
development scenarios. 374 
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 375 
Fig. 4. Planning of LTDH for the low energy buildings 376 
The design of the existing DH system was based on Technical specifications for the DH 377 
in Trondheim [27]. In this specification, it is defined that the DH system consists of primary and 378 
secondary loop, which are hydraulically separated by heat exchangers. For the existing DH 379 
network, the consumer substations and the DH network were designed based on the following: 380 
- Supply water temperature at winter (at design outdoor temperature): 80°C; 381 
- Supply water temperature at summer: 70°C; 382 
- Design temperature difference: 45 K 383 
- Criteria for R-value (at design outdoor temperature): 50-250 Pa/m; 384 
- Pipe type: twin-pipe in steel casing; 385 
- Maximum water velocity: 2 m/s. 386 
Based on the discussion with the DH company, it was assumed that the transition from the 387 
high temperature to LTDH would be accomplished with gradual reduction in the supply 388 
temperature from year to year without pipe changes. This was assumed because there are still 389 
many existing buildings in the system with the high temperature requirement These existing 390 
buildings would undergo some improvements in the future and consequently be capable to use 391 
lower supply temperature [3, 33]. This means that the existing network design for higher 392 
temperature levels would become a LTDH with lower temperatures and the same pipe 393 
dimensions as designed at the beginning. Therefore, the simulation models included several 394 
scenarios for the temperature reduction. The summary on the temperature levels is given in Table 395 
4. Further, two of them have been chosen for deeper analysis. The reference case shows the 396 
temperature levels in the traditional DH system, while Case 3 shows temperature levels for 397 
LTDH. 398 
  399 
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Table 4. Supply temperatures in the DH system and radiator heating system 400 
Scenarios Primary loop Radiator heating system 
 Winter Summer Winter Summer 
Reference case 80°C 70°C 60°C 25°C 
Case 1 70°C 60°C 55°C 22°C 
Case 2 60°C 55°C 50°C 20°C 
Case 3 55°C 55°C 50°C 20°C 
 401 
The development of the new DH network implies that the designed pipes have to be able 402 
to satisfy customer demand with the supply temperature of 55°C, with the designed temperature 403 
difference of 30 K. Further, for a better energy efficiency and profitability, it is important that 404 
heat losses remained low. Therefore, the plastic pipes with diameter of 32 mm and smaller with 405 
good insulation characteristics were implemented. The decision about technical parameters of 406 
LTDH was based on several demonstration projects developed in Denmark. Sizing of the new 407 
LTDH network was based on the following: 408 
- Supply temperature: 55°C; 409 
- Design temperature difference: 30 K; 410 
- Pipe type: twin-pipe in steel casing and twin-pipe in Aluflextra material; 411 
- Maximum water velocity: 2 m/s. 412 
For the new development of the DH network, it is important to achieve good performance 413 
and decrease the heat losses. This is achieved with improved insulation and smaller pipe 414 
diameters. The decrease in the pipe diameters will lead to change in the pressure drop in the 415 
system. Therefore, the analysis included various specific pressure drop values in the range of 200 416 
and 800 Pa/m for development of the new heating network. The summary of the scenarios for 417 
sizing a new DH network is given in Table 5. 418 
Table 5. Pressure drop constrains for the new development 419 
Scenarios ∆p1 ∆p2 ∆p3 
Main lines R ≤ 150 Pa/m R ≤ 300 Pa/m R ≤ 600 Pa/m 
Service lines R ≤ 250 Pa/m R ≤ 550 Pa/m R ≤ 800 Pa/m 
 420 
To calculate the pressure drop, pressure level, and the pump power, it was necessary to 421 
define certain limits for the calculation. Necessary parameters for calculation of the model 422 
introduced in 2.2 are summed-up in Table 6 based on practical constraints and values given by 423 
the DH company [27]. 424 
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Table 6. Parameters for the presser drop and level calculation 425 
Parameter Value 
Differential pressure over customer substation  ∆𝑝𝑝𝑎𝑎𝑎𝑎 = 0.7 𝑏𝑏𝑃𝑃𝑏𝑏 
Differential pressure over DH plant/main heat exchanger ∆𝑝𝑝𝑎𝑎𝑎𝑎 = 1 𝑏𝑏𝑃𝑃𝑏𝑏 
Minimum permitted statistic pressure  𝑝𝑝1 = 1.5 𝑏𝑏𝑃𝑃𝑏𝑏 
Maximum permitted statistic pressure 𝑝𝑝𝑚𝑚𝑎𝑎𝑥𝑥 = 25 𝑏𝑏𝑃𝑃𝑏𝑏 
Maximum pressure drop in the heating system ∆𝑝𝑝𝑚𝑚𝑎𝑎𝑥𝑥 = 8 𝑏𝑏𝑃𝑃𝑏𝑏 
 426 
The minimum static pressure 𝑝𝑝1 should be kept above the saturation pressure in order to 427 
avoid boiling and cavitation in the pipe. The saturation pressure is lower than 1 bar for the 428 
temperatures below 100°C. For security margin, the pressure could be increased up to 5 bar [34], 429 
however in this study the value was chosen equal to 1.5 bar due to the small DH system. 430 
 431 
3.2. Issues with the high return temperature 432 
LTDH is a paramount of the DH technology that should be achieved. The high return 433 
temperature from the customer substation is considered as one of the main issues for decreasing 434 
the supply temperature. Different type of errors causing the faults in the return temperature are 435 
identified such as: system design, heat exchangers, control, and errors outside of the substation 436 
[4, 10]. Based on the literature review and the discussion with the DH company, the following 437 
errors were introduced in the models: short bypasses, aging and fouling of the heat exchangers, 438 
indoor temperature set point errors, and fail adjustment of the outdoor compensation curve. 439 
Introduction of each error in the model is explained in brief below. 440 
Bypass - The inspection of the DH system indicates that the bypass valves may be 441 
installed intentionally or unintentionally in the primary loop at the customer substation. 442 
Sometimes they may stay open due to fails or neglecting. Further, bypasses or some additional 443 
pipes may be installed sometimes in the system with some purpose, but this has been forgotten 444 
over time. All these may influence a short circulation, i.e. that the supply water is mixed directly 445 
with the return water and thereby the return water temperature is increased. In this study, four 446 
various situations when the water bypasses from the supply to the return line were tested, 1%, 447 
2%, 5%, and 10% of the flow might bypass. 448 
Aging and fouling of the heat exchangers - Over the time, fouling of the heat exchangers 449 
appears introducing the decrease of the heat exchanger efficiency. This is a minor throughput that 450 
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causes high return temperatures in customer centers. However, district heating companies are 451 
experiencing an increasing amount of leaks in heat exchangers. This problem can lead to high 452 
replacement costs of the heat exchanger. It was chosen to briefly investigate how temperature 453 
efficiency can affect the return temperature, if there is a problem with the heat exchanger. 454 
Therefore, the different efficiencies of heat exchangers were tested by changing the value in 455 
Equation (9). The temperature efficiency was set to 0.85 as a reference for both heat exchangers 456 
in Fig. 1. To introduce aging and fouling the temperature efficiency was decrease from 0.85 to 457 
0.6 [26]. In the analysis, when adjusting the temperature efficiency of one heat exchanger, the 458 
temperature efficiency of the other was kept at 0.85. 459 
The error in the indoor set-point temperature - It is known that building occupants prefer 460 
to adjust the indoor temperature level based on their preferences rather than on design. Therefore, 461 
different set-point indoor temperatures were examined to see the change in the DH return 462 
temperature due to different settings. The different set-points were tested by changing the value 463 
of the indoor temperature in Equation (11). The results have been compared to the reference 464 
value of 21°C, which is given as a requirement in the national standard NS 3031 [35]. 465 
The error in the adjustment of the outdoor compensation curve - Adjustment of the 466 
outdoor compensation curve may lead to the change in the return temperature [36, 37]. For the 467 
analysis of this issue, three compensation curves were suggested. 468 
 469 
4. Results 470 
This section starts with the presentation of the heat demand of the consumers. Based on 471 
the introduced heat demand and the DH network model, the results on the temperature level are 472 
introduced. As indicated in the methodology, after the operation parameters of the DH grid were 473 
defined, general DH grid performance data, pump energy use and heat losses could be estimated. 474 
Effects of the introduced errors are introduced afterwards. Finally, results on the competitiveness 475 
of LTDH in the low heat density area are given. 476 
 477 
4.1.Heating demand 478 
Hourly heating demand data for different customers were obtained from Statkraft Varme 479 
AS from the direct measurement at the customers. The heating load data for 2013 are 480 
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summarized in Table 7. A coincidence factor given in Table 7 is a dimensionless factor 481 
explaining that all the maximum heat loads from different users or buildings do not appear at the 482 
same time. The value of the coincidence factor is between 0 and 1, and usually lower than 1. It is 483 
important to consider coincidence factor for sizing and energy planning to avoid oversizing [38] 484 
In building blocks with different occupants and different life habits, heat use is different. 485 
Therefore, the values of the coincidence factor for the building block are lower than in the other 486 
buildings in Table 7. 487 
 488 
Table 7. Specification of energy use for different customers 489 
Consumers Substat
ion 
numbe
r 
Maximum 
heat 
demand 
[kW] 
Max. 
specific 
heat 
demand 
[W/m2] 
Annual 
heat 
demand 
[kWh] 
Specific 
annual 
heat 
demand 
[kWh/m2] 
Utiliz
ation 
time 
Coincidenc
e factor [-] 
Building block A cs1 62 26 139 114 58 2 244 0.63 
Building block B cs2 40 19 121 136 56 3 028 0.70 
Building block C cs3 116 24 372 698 78 3 213 0.71 
Building block D cs4 64 43 116 068 112 2 595 0.84 
Primary school cs5 208 30 263 101 38 1 265 0.84 
Sport center cs6 114 42 178 006 65 1 561 0.89 
Kindergarten cs7 74 37 135 431 68 1 830 0.61 
Health and 
welfare building 
cs8 124 22 366 819 64 2 958 0.98 
Office building cs9 192 22 158 698 18 827 0.84 
 490 
From Table 7, it can be seen that Building block D showed the highest maximum specific 491 
heat demand and the highest specific annual heat demand in comparison to all the buildings in 492 
spite of the fact that the building was constructed under the passive house standard. The reason 493 
for this could be explained by diverse occupancy patterns or poor operation of the customer 494 
substation. Utilization time in Table 7 describes how long the system should operate with the 495 
maximum heat rate to cover the annual heat demand. The reason why building blocks and 496 
welfare buildings showed a higher utilization time than the office buildings was due to the fact 497 
that the heating system operated longer and the use of the DHW was higher. The other buildings 498 
(office, primary school and sport center) had a high maximum heat demand with lower total heat 499 
use and thereby the utilization time was low. Table 7 shows that the coincidence factor was 500 
higher for buildings where the heat demand was dependent on the outdoor temperature and the 501 
share of the DHW use was in general low. Due to diversities in the heat use, the coincidence 502 
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factor was lower at the building blocks. A summary of the specific energy demand and annual 503 
heating demand for the customers in Table 7 is shown in Fig. 5. In Fig. 5, it is possible to note 504 
that the substations cs1, cs2, cs6, cs7 and cs8 showed total annual heat demand around 60 505 
kWh/m2, however, the maximum specific heat rate (W/m2) was different. 506 
 507 
 508 
Fig. 5 Specific annual heat demand and maximum specific heat demand for customers 509 
For the heat demand data in Table 7, the total heat load specification was as: the 510 
coincidence factor was 0.83; the maximum capacity was 791 kW, and the total annually delivered 511 
heat was 1.9 GWh. Finally, Fig. 6 shows the heat duration curve for aggregated heating load in 512 
the reference system. 513 
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 514 
  515 
Fig. 6. Heat duration year for the reference year 516 
 517 
4.2. Temperature distribution in the DH grid 518 
The existing DH system was designed for delivering heat at 80°C in the supply line 519 
during the winter conditions and 70°C during the summer. For the scenario with lower supply 520 
and return it was considered to decrease the supply temperature no lower than 55°C to avoid the 521 
Legionella issue. Hence, Fig. 7 shows the hourly distribution of the supply and return 522 
temperatures for two scenarios. The results in Fig. 7 were calculated based on the methodology 523 
introduced in Section 2. To recall, please see Table 4 where all the analyzed temperature levels 524 
were introduced. 525 
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 526 
Fig. 7. Supply and return temperature distribution over the year for the high and LTDH system 527 
From Fig. 7 it can be seen that the analyzed DH system (see Fig. 3 and Section 3) operated 528 
with the lower temperature difference during the summer time due to the lower heat demand. 529 
Further, the analysis of the reference case revealed that the average temperature difference was 530 
45 K during the winter and 30 – 35 K during the summer. For the LTDH scenario (Case 3) the 531 
temperature difference was 30 – 35 K during the winter and 25 K during the summer. To recall, 532 
the reference case was designed for the temperature difference of 45 K, while Case 3 (LTDH) 533 
was designed for the temperature difference of 30 K, see Fig. 4. All these meant that Case 3 or 534 
LTDH managed at some extend better to maintain the design temperature difference over the 535 
year, regardless of the change in the heating load. This advantage of LTDH would enable reliable 536 
values of the return temperature over the year. This was an important conclusion with focus on 537 
the lower return temperature. 538 
 539 
4.3. Heat loss and pump energy 540 
The annual distribution of heat losses for the various scenarios in Table 4 are shown in 541 
Fig. 8. 542 
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 543 
Fig. 8 Heat losses in the heating networks A and B 544 
The results in Fig. 8 show that the heat losses percent had higher values during the 545 
summer months than during the winter months. This reason for this was that a lower heat amount 546 
was delivered during the summer, while the warm water was always circulating for the DHW 547 
use. Due to compact structure of the network B, the heat losses were lower than in the network A. 548 
For the DH networks shown in Fig. 3, the results for the existing DH system showed that 549 
the heat losses could be reduced by 25% while decreasing the supply temperature from 80°C to 550 
55°C for both heating network A and B with no change in pipe diameters. The maximum 551 
pumping power would increase up to 107% and annual pump electricity use would increase by 552 
58% for the heating network A. The results for the heating network B showed values of 92% and 553 
54% for the pumping power and electricity use, respectively. The reason for such results is that 554 
the heating networks A and B were structurally different. 555 
Fig. 9 shows pump energy and pump power with the decrease in the temperature levels 556 
for the heating networks A and B. 557 
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 558 
Fig. 9 Annual pumping energy and maximum pumping power with various temperature levels in 559 
the existing DH system 560 
Fig. 9 revealed that the reduced temperature levels in heating network A lead to higher 561 
increase in both the pump energy and pump power in comparison to the network B. 562 
Further, the new development with the LTDH system was analyzed. To recall, the new 563 
development was developed as the LTDH system with the supply temperature 55°C, see Fig. 4. 564 
Table 5 gives the overview of the pressure drop constraints for the new developments. Fig. 10 565 
shows an overview of the pump performance results for different pressure drops in the heating 566 
networks A and B. 567 
  568 
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 569 
Fig. 10 Annual pump energy and maximum pump power under different conditions for pressure 570 
drop in the new heating network 571 
It can be noted from Fig. 10 that the heating network A was especially sensitive to the 572 
increased pumping power under reduced pipe diameters. The results showed that the heating 573 
network B was less sensitive on the change in the pumping power due to higher linear density. 574 
Further, it was concluded that the reduction in the pipe diameters of about 20 % lead to increase 575 
in the pressure drop of the system. This means that the pump power increased faster than the 576 
pump energy on annual basis, and this was significantly higher for the heating network with the 577 
lower linear densities in comparison to the network with the higher linear densities. 578 
The analysis of pump performance in the case of the new developed DH system showed 579 
that with the increase in the R-value from 200 - 800 Pa/m in the service lines and 150 - 600 Pa/m 580 
in the main line would increase the pump power by 105% and the pump energy by 20% for the 581 
heating network A. For the heating network B, these values were 53% and 7.65%. This shown 582 
that linear density plays the crucial role for the transition to LTDH if increase in R-value would 583 
be allowed. In the case of the area B with the higher heat density, the pump energy use did not 584 
increase much due to temperature decrease. This was an important conclusion regarding 585 
competitiveness of the DH system in the new areas. The heat losses in the heating network A and 586 
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B were almost not affected due to increase in R-value. This is because pipe diameters were not 587 
changed significantly with the change of R-value. The pressure drop is approximately 588 
proportional to the pipe diameter in fifth extent and thereby was affected in a higher degree than 589 
the heat loss results. 590 
Based on the results on the heat losses and the pump energy use introduced above, a 591 
trade-off analysis between these two indicators related to LTDH systems was made. The analysis 592 
considered how the supply temeprature decrease would change the LTDH performance. A 593 
summary of the key performance indicators considering the decrease in the supply temperature is 594 
given in Table 8. Please note that the results in Table 8 are valid for a small DH grid given in Fig. 595 
3. In Table 8, specific pump energy is introduced as a relation between the electricty use in 596 
kWhel and the heat delivery in MWhh. Here “el” is used to mark electricity and h to mark heat. 597 
To provide a general conclusion how the decreased supply temperature may change the LTDH 598 
perforamnce, a trad-off analysis between the heat losses and the specific pump power is given in 599 
Fig. 11. 600 
Table 8. Resulting operation performance for the low and high heat density grids considering 601 
different supply temperatures 602 
 
Heating network A - low heat density  
Reference case 
(80oC) 
Case1 
(70oC) 
Case2 
(60oC) 
Case3 
(55oC) 
Max. pump rate (kW) 1.64 1.74 2.84 3.40 
Annual pump energy (MWh) 2.54 2.9 3.7 4.02 
Specific pump energy (kWhel/MWhh) 1.34 1.53 1.95 2.12 
Annual heat loss (MWh) 169.3 142.2 129.9 127.5 
Heat losses in % 8.91 7.48 6.84 6.71 
 Heating network B - high heat density 
Max. pump rate (kW) 1.36 1.43 2.20 2.61 
Annual pump energy (MWh) 2.47 2.81 3.55 3.80 
Specific pump energy (kWhel/MWhh) 1.30 1.48 1.87 2.00 
Annual heat loss (MWh) 92.1 77.1 70.3 68.9 
Heat losses in % 4.85 4.06 3.70 3.63 
 603 
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 604 
Fig. 11. Trade-off between heat losses and pump energy use considering decreasing of the supply 605 
temperature 606 
The relative demand for electricity for pumping is about 0.5 % of the heat delivery, as 607 
noted in [4]. Therefore, the above results on the relation between the pump energy use and the 608 
heat delivery in kWhel/MWhh should be treated as valid. The results in Table 8 and Fig. 11 show 609 
that by decreasing the supply temperature, a considerable amount of the heat would be saved, 610 
while the increase in the annual pump energy use would not be high. The results of the trade-off 611 
analyses should not be treated by analyzing the percent difference between the resulting 612 
performance values, because such an analysis might not show the full advantage of LTDH. The 613 
results in Table 8 and Fig. 11 should be rather used for an analysis where the difference in the 614 
integral values are used or for an economic analysis, because in such an analysis the advantage of 615 
the decrease in the heat losses would be much higher than the increase in the pump energy use. 616 
 617 
4.4.Issues with the return temperatures 618 
Sufficient water cooling in the consumer substation and a proper return temperature in the 619 
DH network are a result of proper operation of the customer substation. However, this is not 620 
often the case and the return temperature can be much higher than expected. The literature review 621 
showed that the largest number of fails leading to high return comes due to inappropriate 622 
operation [39] of the customer substations. 623 
The analyzed errors are introduced in Section 3.2 and the main finding are presented here. 624 
 625 
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Fault in the return temperature due to bypasses or short circuits 626 
Table 9 shows increase in the return temperature during the summer and winter due to the 627 
bypass. The simulation implied use of constant percentage of the mass flow rate. The winter 628 
period was considered from October to March, and summer period was from April to September. 629 
The results are valid for both heating networks A and B. 630 
Table 9. Average increase in return temperature due to bypassing of supply medium 631 
Share of mass flow in bypass 1% 2% 5% 10% 
Winter Ref. case (80°C) 0.7 K 0.7 K 1.8 K 3.7 K Case 3 (55°C) 0.2 K 0.5 K 1.3 K 2.5 K 
Summer Ref. case (80°C) 0.4 K 0.5 K 1.2 K 2.6 K Case 3 (55°C) 0.1 K 0.4 K 1.0 K 2.0 K 
 632 
The results in Table 9 show that increase in the average return temperature is higher for 633 
the reference case in comparison to Case 3 (LTDH). The findings for 10% could be considered as 634 
the most representative, since literature review indicated that this percentage is typical for the 635 
Swedish DH system leading to increase in the return by 4 K [4]. As it was explained previously, 636 
the bypass is used in the DH systems with low heating densities and high heat losses. This is 637 
done to avoid the risk of temperature drop below predefined minimum level. This is particularly 638 
relevant during the summer season when the mass flow rate is low and the heat losses are high. 639 
For the low energy buildings, the heating season is normally shorter. Thus, the bypass valves can 640 
have a greater impact on energy efficiency of LTDH networks associated with the low-energy 641 
buildings compared with the traditional DH systems [40]. The results showed that effect of 642 
bypassing to the return temperature was less during the summer than during the winter. The 643 
return temperature versus the outdoor temperature for different bypassing percentage is shown in 644 
Fig. 12. 645 
 646 
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 647 
Fig. 12 The return temperature affected by bypassing for the reference and the LTDH case 648 
From Fig. 12 it can be noticed that the return temperature increased with the increase of 649 
the bypassing percentage. The highest increase was observed for the 10% bypassing for Case 3 650 
(LTDH). The same conclusion could be drawn for the reference case. Further, it was found that 651 
the increase in heat losses due to bypassing of 10% was in the range of +3.1% to +3.5% 652 
depending on the heating network. The heating network B showed higher values due to shorter 653 
pipes than in network A. In spite of the fact that the bypassing led to increase in the return 654 
temperature and heat losses, this can be limited significantly by employing twin pipes in 655 
comparison to single pipe solutions [11]. 656 
 657 
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Fault in the return temperature due to aging and fouling of the heat exchangers 658 
The result of changing the temperature efficiency of the heat exchanger showed that the 659 
return temperature was more sensitive to varying the temperature efficiency on the heat 660 
exchanger for the DHW than the heat exchanger for the space heating. The results showed that 661 
the average annual temperature difference was decreased by 3 - 5 K when the temperature 662 
efficiency of the heat exchanger was decreased from 0.85 to 0.6. The higher decrease was 663 
experienced for the reference system with the high temperature and for the DHW heat 664 
exchangers. 665 
 666 
Faults in the return temperature due to the indoor set-point temperature 667 
The low energy buildings and passive houses are designed for achieving low energy use, 668 
however, quite often it is opposite and heat energy use shows much higher measured values [41]. 669 
In Table 7 it was shown that the customers energy use varies from building to building in reality. 670 
The reason for this could be either fail in operation, an effect of the user behavior, or occupancy 671 
level in the apartments. Further, it is known that some customers set higher requirements for 672 
indoor climate and comfort level; however, this should not be an issue in the low energy 673 
buildings. In spite of this fact, the energy use data showed that buildings C and D had higher 674 
energy use in comparison to the building blocks A and B. Therefore, the analysis looked how the 675 
indoor set-point temperature could affect the return temperature in the DH system. Fig. 13 shows 676 
the effect on the temperature difference between the supply and the return temperature due to 677 
different indoor set-point temperatures. 678 
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 679 
Fig. 13. Temperature difference between the supply and the return temperature at primary side of 680 
the customer substation influenced by the indoor set-point temperature 681 
The comparison of the results in Fig. 13 showed that the reduction in the temperature 682 
difference due to higher set-point temperature was bigger for the reference case than for Case 3. 683 
To recall, the reference case was designed for the temperature difference of 45K, while Case 3 684 
had the supply temperature of 55°C resulting in a lower temperature difference. In Fig. 13, it may 685 
be noted that the temperature difference was 40 K for the reference case a bigger part of the 686 
operation hours, while it was 30 K for Case 3 regardless of the set-point indoor temperature. The 687 
decreased set-point indoor temperature led to increase in the temperature difference, which 688 
resulted in efficient operation of the DH system. Case 3 showed a higher sensitivity in the 689 
operation parameters of the DH network due to increased set-point temperature. A summary of 690 
the set-point indoor temperature influence on the DH network operation is given in Table 10. 691 
 692 
 693 
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Table 10. Influence of the set-point indoor temperature on the DH network operation 694 
Indoor temperature  19°C 23°C 25°C 
Annual heat loss Ref. case (80°C) -1.0 % +1.0 % +2.1 % Case 3 (55°C) -1.4 % +1.5 % +3.1 % 
Annual pumping 
energy 
Ref. case (80°C) -3.1 % +3.5 % +7.5 % 
Case 3 (55°C) -5.3 % +6.8 % +15.0 % 
Maximum flow rate Ref. case (80°C) -3.2 % +3.5 % +7.1 % Case 3 (55°C) -4.5 % +5.8 % +10.8 % 
 695 
 The summary results for the entire analyzed network in Table 10 show that both heat loss, 696 
annual pumping energy, and the maximum flow rate increased due to increasing of the set-point 697 
indoor temperature. Further, it can be noted that the annual performance were more sensitive on 698 
the increase in the set-point indoor temperature for Case 3 than for the reference case. 699 
 700 
Faults in the return temperature due to fail adjustment of the outdoor compensation curve 701 
Different shapes of the outdoor temperature compensation curve were tested. The results 702 
showed that the change in the outdoor temperature compensation curve influenced the return 703 
temperature and thereby heat losses and the pump energy of the DH system. In general, the best 704 
performance was obtained in the case when the water flow rate through the heat exchanges was 705 
low. The change in the average temperature difference in winter due to implementation of the 706 
different compensation curves was up to 3 K. 707 
 708 
4.5. Competitiveness of LTDH in the low heat density areas 709 
The long-term program aiming improvement in the building energy efficiency will 710 
facilitate decreasing of the linear heat densities (MWh/m) and heating densities (MWh/m2). This 711 
could create new challenges for LTDH, since the profitability of the DH system is dependent on 712 
high demand and high linear density. Therefore, it was of interest to examine how linear densities 713 
affect heat losses and pumping energy in the heating networks A and B. Different linear heat 714 
densities were introduced by changing the length of the networks given in Fig. 3. Fig. 14 shows 715 
relative heat losses under various linear densities for heating networks A and B. 716 
 717 
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 718 
Fig. 14. Heat losses as a function of linear densities for heating networks A and B 719 
Fig. 14 shows that the percentage of the heat losses increases with the decrease of linear 720 
densities. From the results in Fig. 14, it could be noted that the reference case and Case 3 showed 721 
a similar trend regarding the percentage of the heat losses when the heat density decreases, while 722 
Case 3 had lower percentage heat losses. This meant that LTDH might be competitive in the low 723 
heat density area while supplying the low and passive building. In general, the percentage of the 724 
heat losses was lower for the heating network with the higher heat density, the network B. 725 
Further, the pumping energy (kWh) per delivered heat as a function of linear density in 726 
the heating networks A and B is shown in Fig. 15. 727 
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 728 
Fig. 15. Pumping power for different linear density and different pressure drop per pipe length 729 
From Fig. 15 it should be noted that the low supply temperature of 55°C in Case 3 730 
induced increase in pumping energy in comparison to the higher supply temperature of 80°C. 731 
This effect was more critical to for the heating network A with the low heat density. In Fig. 15, it 732 
may be also noted that the pump energy increased more for the heat density lower than 1 MWh/m 733 
for the heating network A. This result fits well with the DH profitability threshold in Denmark 734 
and Canada [29, 30]. Therefore, the results in Fig. 14 and Fig. 15 may be used to find the DH 735 
profitability threshold for LTDH with the low energy buildings. 736 
 737 
5. Discussion 738 
The model of the DH network was developed based on several important assumptions, 739 
therefore, it is vital to give some critics. 740 
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The heating rates that have been used as the input to the model were obtained from the 741 
existing customers of the DH system. Unfortunately, it was impossible to analyze how heating 742 
rate could be changed due to adjustment of the heating system at the customer side. With the 743 
change of the supply temperature from 80°C to 55°C at the primary system, the supply 744 
temperature to the DHW system has decreased from 65°C to 50°C. In practice, this would also 745 
lead to decrease in heating demand. By decreasing the supply water temperature in the existing 746 
system, the water flow rate is kept within the existing limits, meaning that the maximum heat rate 747 
would decrease by decreasing the supply temperature. However, this was not analyzed in this 748 
study. If heating demand is reduced with the reduction of temperature levels, then, a lower mass 749 
flow rate effecting pressure drop and pumping effect should be expected. Further, it was 750 
unknown whether the DHW system employed storage tanks. The customers with the storage tank 751 
would show different energy use pattern. In addition, the DHW storage tank would require a 752 
higher supply temperature to avoid the Legionella issue. As it was mentioned before, the supply 753 
temperature was reduced to 50°C; therefore, the measures should be taken to avoid the 754 
Legionella risk. 755 
The analysis focused on radiator heating, however, the floor heating and ventilation 756 
system were not considered for the analysis. The floor heating, for example, is an accepted 757 
solution for heating in kindergartens. It requires lower supply temperature than radiator system 758 
and therefore, can provide lower return temperature than 30°C. This could facilitate decrease in 759 
the return temperature of the DH system and the heat losses. However, the floor heating has 760 
longer response time in comparison to the radiator system. 761 
Another uncertainty that should be mentioned is the model of the customer substation. 762 
The customer substation model, introduced in Section 2.3, is a simplified solution for heat 763 
delivery under ideal conditions. The substation was modeled as one stage DHW heat exchanger 764 
with parallel connections for the DHW and the radiator heating. The large buildings are often 765 
equipped with two stage heat exchangers to decrease the return temperature. The modeled 766 
customer substation employed a constant temperature efficiency for the heat exchangers. In 767 
reality, the efficiency would vary according to the mass flow rate, hence the different values of 768 
the return temperature could be expected. For the more complex analysis of the change in the 769 
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return temperature due to various substation design, a further analysis of the heat transfer 770 
coefficient and the heat transfer surface should be made. 771 
The pressure drop in a distribution system is dependent on several factors like mass flow 772 
rates, pipe diameters, pipe lengths, branches and bends, valves and filtering equipment. The study 773 
employed the constant friction coefficient. However, the friction coefficient is dependent on 774 
roughness of the internal pipe surface and Reynold’s number. The uncertainty goes for 775 
roughness, since its affects factors like corrosion coating that could lead to pipe deterioration over 776 
time. Therefore, the analysis on friction coefficient is required to identify the effects on the 777 
pressure drop and pumping energy in the DH grid. 778 
 779 
6. Conclusions 780 
The study aimed to analyze energy efficiency potential and related issues of the DH 781 
system under the transition of the existing heating network to LTDH. Two DH networks were 782 
analyzed, with the low linear heat density of 1.3 MWh/m and with the higher linear heat densities 783 
of 2.3 MWh/m. The study considered a group of real customers located in Trondheim, Noway, 784 
with existing heating demands. The observed buildings were built as low energy and passive 785 
house buildings. 786 
The transition of the existing DH system was planned in two ways: 1) decreasing the 787 
supply water temperature without change in the pipe size; 2) sizing the DH network based on the 788 
LTDH requirements. For the existing DH system, the design pressure drop was in the range of 50 789 
- 250 Pa/m and 80°C for the supply temperature. The results showed that the pressure drop 790 
doubled with the reduction of the return temperature from 80°C to 55°C, and thereby the 791 
pumping power and energy increased. This increase was lower for the grid with the high heat 792 
density due to the shorter DH network. Further, it was found that the transition to LTDH 793 
facilitates the reduction of the heat losses up to 25 %. A large scale DH system would show 794 
higher heat losses due to versatile network structure with different linear densities. The trade-off 795 
analysis between the heat losses and the pump energy use showed that considerable amount of 796 
the heat would be saved by decreasing the supply temperature, while the increase in the annual 797 
pump energy use would not be high. 798 
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The study examined the causes that could lead to increase in the return temperature of the 799 
DH network, such as bypassing, exhaustion of heat exchangers, influence of the indoor set-point 800 
temperature, and adjustment of the outdoor compensation curve. The results showed that the 801 
bypassing induced less increase in the return temperature of LTDH in comparison to the existing 802 
DH system. The results on exhaustion of the heat exchangers showed that the average annual 803 
temperature difference was decreased by 3 - 5 K due to exhaustion of the heat exchangers. This 804 
effect was bigger for the existing system with the high temperature and for the DHW heat 805 
exchangers. In the future, the heating season for buildings will be shorter, therefore, it is expected 806 
that heat exchangers placed in the substations for the space heating and the DHW will play even a 807 
more important role for the return temperature decrease. Analysis of the increase in the indoor 808 
set-point temperature showed that the LTDH system was more sensitive to those changes. The 809 
result showed that with the increase of the indoor room temperature from 21°C to 25°C the mass 810 
flow rate increased by 11% for LTDH and by 7% for the existing system. This lead to increase in 811 
the pumping energy by 15% and 7.5%. Further, the results showed that proper choice of the 812 
outdoor temperature compensation curve could facilitate increase of the temperature difference 813 
by 3 K. In addition, the heat losses and pumping energy were reduced. 814 
The heating demand is expected to decrease for future buildings. With low population 815 
densities this can challenge the competitiveness of DH systems due to lower linear heat densities 816 
(MWh/m). The results considering different linear densities showed that percentage heat losses 817 
increased for the low linear heat densities. With the reduction of the supply temperature to 55°C, 818 
the pumping energy increased in comparison to the temperature level of 80°C. This was due to 819 
the lower temperature difference that led to the changes in the mass flow rate and the high 820 
pumping power rate. One of the main findings regarding the competitiveness of LTDH was that 821 
pump energy increased more for the heat density lower than 1 MWh/m for the heating network 822 
with the long distance. The conclusions related to the competitiveness of LTDH may be used to 823 
evaluate the threshold value for the DH system connection. This is particularly relevant in the 824 
areas with low linear densities. 825 
Several assumptions were made under the study of LTDH. Therefore, it is important to 826 
have a critical look on the findings. All the mentioned findings should be considered carefully, 827 
because the benefits of lowering the temperature in the DH system could be mistreated due to 828 
aforementioned issues. Nevertheless, the results provided a clear picture of the improvement in 829 
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energy efficiency of the DH network due to lowering the temperature level and huge potentials 830 
and challenges related to LTDH. 831 
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